Studies investigating changes in community composition in response to recent climate warming are mostly restricted to one-dimensional (e.g. latitudinal) gradients, whereas species movements are in reality three dimensional. Based on 3,245 benthic invertebrate samples from Central European streams over large altitudinal, latitudinal and longitudinal gradients, and covering the period 1986-2009, we have developed an advanced community temperature index (CTI). This CTI enables the analysis of three-dimensional community range shifts not only in freshwater but also in marine and terrestrial environments. Overall, and in contrast to terrestrial species, benthic invertebrate communities have been able to keep up with recent climate warming. However, their ability to track temperature shifts differed grossly between the three spatial dimensions, with the strongest response to elevation. Nevertheless, the price these communities had to pay was high, as total benthic invertebrate abundance and richness in low-temperature dwelling species have already declined by 21% and 52.5%, respectively.
Introduction
An increasing number of studies on the effects of future climate warming on biodiversity have predicted substantial losses at both the species (Domisch et al., 2013; Li et al., 2014) and genetic levels (Bálint et al., 2011) . In fact, climate warming has already accelerated over the past three decades (IPCC, 2007) , and a number of studies have shown that this warming has already triggered community changes in a wide range of taxonomic groups (Bertrand et al., 2011; Devictor et al., 2012; Hitch & Leberg, 2007; Thomas & Lennon, 1999; . A promising framework to measure such community changes in response to climate warming is the community temperature index (CTI) (Devictor et al., 2008) . Originally proposed by Devictor et al. (2008) , the CTI is the average temperature preference of all species within a given community, weighted by their abundance, thus reflecting the balance between low-and high-temperature dwelling species.
As the CTI is a measure of average temperatures, it can reflect temporal (e.g., when it becomes warmer) and spatial (e.g., lowland versus highland) differences. These differences give an estimate of the distance a community must shift during a given time interval to keep up with climate warming. Subsequent shifting velocities can then be compared with the velocity of isotherm movements driven by climate warming, identifying any climatic debt or mismatches between the two velocity measures, such as communities lagging behind the ongoing temperature shifts (Devictor et al., 2012) .
Previous CTI studies, as well as most of the other studies on community changes in response to climate warming, have had a one-dimensional focus that discounted the fact that most organisms live and move in a three-dimensional space. For instance, based on a latitudinal gradient across Europe, Devictor et al. (2012) 
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4 dimensions (i.e. elevation and longitude) are not considered. In particular, in non-lowland areas moving uphill is the shortest way for a certain species to track its climatic niche as the distance between isotherms in elevation are much shorter than in latitude.
Elevational range shifts may be especially important for riverine benthic invertebrates because rivers and their inherent community composition follow a natural altitudinal gradient from source to mouth and riverine organisms have higher dispersal capacities within river networks than between river networks (Hughes, 2007) . Thus, benthic invertebrates might use their river as a "highway" to higher elevations to keep up with climate warming. However, despite the clear importance of the river network in structuring riverine communities (Campbell Grant et al., 2007) , this issue has been largely overlooked to date.
Previous CTI studies on taxonomic groups not incurring a climatic debt, assumed that organisms would keep up with temperature change and be unaffected by climate warming . However, the community-level effects of climate warming must be clearly distinguished from the underlying effects on the species forming such communities, because an increase in CTI may manifest out of a) simultaneous decreases in low-temperature dwelling species and increases in high-temperature dwelling species, b) decreases in lowtemperature dwelling species only, or c) increases in high-temperature dwelling species only.
These three alternative mechanisms for increasing CTI values differ fundamentally in their effects on species diversity. Under a), the species diversity remains unaffected by changes in the CTI, whereas under the alternatives b) and c), losses or gains in species diversity, respectively, will occur. Thus, even if a community can keep up with climate warming according to the CTI, severe changes in species diversity cannot be ruled out, which is another important issue that has been unaccounted for in the current CTI approach. European low mountain streams for the period 1986 to 2009. As a result of the "highway" effect, we expected a CTI shift of benthic invertebrate communities commensurate with warming temperatures, which would indicate no climatic debt. Instead of a poleward shift that was highlighted in previous studies, the expected increase in the CTI should be mainly driven by elevational shifts in communities and only marginally by latitudinal or longitudinal shifts. We further expected that the anticipated increase in the CTI would be caused by an imbalanced loss of low-temperature dwelling species outweighing the gains of hightemperature dwelling species, leading to decreasing species diversity.
Material and methods

Data collection
A collection of 14,271 benthic invertebrate samples was obtained from standardized field surveys in Austria, Czech Republic, Germany and Luxembourg for the period that covered 595 km in latitude, 811 km in longitude, and 1,123 m in elevation. Two sampling methods were used in those survey programs. Prior to 2000, the sampling procedure was limited by time (Braukmann, 2000) , whereas post-2000, sampling was conducted by area, with a defined sample size (Friberg et al., 2006; Haase et al., 2004) . Both methods were quantitative and all of the analyses in this study were repeated for quantitative (abundance) and qualitative (presence/absence) data. Moreover, to account for the change in sampling methodology, the sampling method was included as a covariable in the analysis. Second, all of the taxon lists were filtered by the EU Water Framework Directive "Operational Taxalist" to ensure comparable taxonomic resolution . Third, samples were considered only if they were collected from March to May to avoid the confounding effects of seasonality (Sundermann et al., 2008) . Fourth, to exclude samples from heavily deteriorated sites with very few taxa, samples with species richness and abundance in the lower 10th percentile of all of the samples were excluded from the analysis (Davis, 1989; Grabherr et al., 1994; Wagner et al., 2011) . We calculated the community temperature index (CTI) according to the method of Devictor et al. (2008 Devictor et al. ( , 2012 as the average of the individual species temperature indices (STI)
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weighted by the abundance of the individual species in a community. All of the analyses were also repeated without weighting (i.e., based only on the presence/absence of the species).
As studies published so far using the CTI have been restricted to terrestrial species only, the temperature envelopes of these species were calculated using air temperatures. This approach is also applied in most freshwater studies using species distribution models (SDM) (Domisch et al., 2013; Li et al., 2014) because appropriate water temperature data are still lacking.
However, although there are clear links between air and water temperatures (Caissie, 2006) , there are also clear inconsistencies; for example, in contrast to air temperatures, water temperatures cannot drop below zero in running waters. Therefore, rather than calculate the STI based on species air temperature ranges, we calculated STIs based on the species´ stream zonation index , which reflects the inherent differences in water temperature along a longitudinal gradient from the source to mouth.
In Europe, the occurrence probability for most taxa in each of the stream zones has already been compiled and summarized into a species-specific stream zonation index (www.freshwaterecology.info, Schmidt-Kloiber & Hering, 2012) . This index reflects alongstream water temperature ranges . Here, seven stream zones were considered from the river source to mouth: 1) eucrenal, spring region; 2) hypocrenal, spring brook; 3) epirhithral, upper-trout region; 4) metarhithral, lower-trout region; 5) hyporhithral, grayling region; 6) epipotamal, barbel region; and 7) metapotamal, bream region (Illies, 1961) . A 10-point assignment system produced the zone preference value for each taxon (one taxon can occupy several zones). A further advantage of the zonation index is that this index already reflects the entire distribution range of a species and that it is independent of elevation and latitude. Hence, the use of the zonation index avoids the recurring criticism that in many studies, temperature niches of species are estimated from distribution data that did not cover the entire distribution area. The zonation preference value can be translated to water temperature by using the mean annual amplitudes for each zone: (zone 1) 2 °C, 2) 5 °C, 3) 9 °C, 4) 13 °C, 5) 18 °C, 6) 20 °C and 7) 22 °C (Haidekker, 2004; Illies, 1961) . The STI of a given species was then calculated based on the average temperature conditions over the stream zones in which it is found. The STI of benthic invertebrate species may not be the actual temperature; however, the species can be ordered along a temperature gradient and their relative temperature values can be estimated through this approach. The CTI reflected the relative composition of low-versus high-temperature dwelling species in local communities. This composition was calculated for a given sampling site as the average STI weighted by the species abundance (CTI-Abundance) and presence/absence (CTIPresence/absence) (Devictor et al., 2008) .
Statistical methods
To examine the CTI (CTI-Abundance and CTI-Presence/absence) variation in three dimensions (latitude, longitude and elevation) and over time, we applied a multiple linear regression (MLR) model, where the sampling year, latitude, longitude and elevation of each sample were used as continuous independent variables. Additionally, we included catchment area and sampling method in the models to control for confounding factors. Estimating all of the regression coefficients simultaneously in one model has the advantage of accounting for moderate co-variation in gradients so that the resulting velocities are independent of local topographical settings.
The "required shifting velocity" (or mean air temperature; i.e., concurrent movement of temperature isotherms based on the annual mean air temperature) can be estimated using the ratio between the temporal and spatial slopes of mean air temperature. We only selected the sampling year and three spatial variables in the temperature models because changes in air temperature were not related to the catchment area and sampling method. The comparison between the observed shifting velocity of the CTI and required shifting velocity of air temperature provided an estimate of the lag (i.e., climatic debt) between the shift in air temperature and response of the benthic invertebrate communities (Devictor et al., 2012) .
Taking the elevational shifting velocity as an example, the temporal CTI and annual mean air temperature were 3.16 ± 1.09 × 10 -2 °C yr -1 (P = 0.004, Fig. 1a ; Table S1 ) and 3.33 ± 0.18 × 10 -2 °C yr -1 (P < 0.0001, Fig. 1b ; Table S1 ), respectively. The elevational gradients of CTI and temperature were equivalent to 4.59 ± 0.18 × 10 -3 °C m -1 (P < 0.0001; Fig. 1c ; Table S1) and 5.73 × 10 -3 °C m -1 (P < 0.0001; Fig. 1d ; Table S1 ), respectively. Therefore, the velocity of the elevational (uphill) shifts in the CTI and isotherm could be calculated as the ratio between the temporal and spatial trends, and they were 6.89 ± 2.38 m yr -1 (3.16 × 10 -2 / 4.59 × 10 -3 ) and 5.81 ± 0.32 m yr -1 (3.33 × 10 -2 / 5.73 × 10 -3 ), respectively.
We used partial residual plots to show the temporal and spatial gradients of the CTI metrics and temperatures, which were estimated by the MLR. These plots allowed for a direct comparison of the slope of the regression lines between the CTI metrics and mean air temperatures (or required velocity) given that the other independent variables were also included in the model. To compare the importance of simultaneously considering the three spatial dimensions with previously used one-dimensional CTI approaches (Devictor et al. We performed backwards stepwise selection for the MLR, using Akaike"s information criterion (AIC) to select the best model in the mass package in R (Ripley et al., 2013) . We examined multicollinearity in the final models using the Variance Inflation Factors (VIF ;   Table S1 ; all values < 5). We assessed the differences between the observed and required shifting velocities using the Wilcoxon test in R, with 9,999 random bootstraps. These analyses were repeated ten times, and the final P value was the median of these repeats. The climatic debt can be determined only if there is significant difference between the observed and required shifting velocities. In addition, we analyzed the relative importance of the six explanatory variables using the relaimpo package in R (Groemping, 2010 To test changes in the community species composition, we allocated all of the taxa to four thermal condition groups. We arranged all of the taxa in ascending order according to the STI.
The taxa in the 1st quartile (Q1) were defined as low-temperature dwelling species, and the taxa in the 4th quartile (Q4) were defined as high-temperature dwelling species. Taxa in the 2nd (Q2) and 3rd quartiles (Q3) were defined as medium-to-low-and medium-to-hightemperature dwelling species, respectively. We examined the trends of both the relative abundance and species richness for each of the four thermal groups in responses to climate warming using linear regression. Between 1986 and 2009, both the CTI and annual mean air temperature increased significantly (MLR: 3.16 ± 1.09 × 10 -2 °C yr -1 , t = 2.90, P = 0.004, Fig. 1a and 3 .33 ± 0.18 × 10 -2 °C yr -1 , t = 18.39, P < 0.001, Fig. 1b, respectively) . With our three-dimensional approach, elevation was the most important variable covering 68.6% of the explained variability in the CTI, whereas longitude and latitude had low explanative power (4.5% and 2.3%, respectively; Fig. 1a , b, e-h; Table S1 ).
Results
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The difference between observed and required shifting velocities could be tested for all three spatial dimensions in the MLR, while only elevation could be done when using the original one-dimensional CTI approach, based on single linear regression (Table 1 ). In fact, accounting for all the three spatial shifting components simultaneously substantially altered both the required and observed shifting velocities. For the most relevant component, elevation, the required and observed shifting velocities approximately halved in the MLR compared to SLR (Table 1 ; Fig. S3 ). The use of presence/absence or abundance data to calculate shifting velocities produced similar results in both one-and three-dimensional models (Table 1; Table S1 , Fig. S2 ).
During the study period, the abundance of benthic invertebrates decreased by 21% (Fig. 2a) .
This loss was mainly driven by a decline in abundance of low-temperature dwelling species (slope ± SE = -0.60 ± 0.23, F 1,22 = 6.60, P = 0.018) that is only partly mitigated by the concurrent increase in high-temperature dwelling species (slope ± SE = 0.05 ± 0.02, 10.46, P = 0.004), which contribute less than 5% to the total benthic invertebrate abundance (Fig. 2c) . In contrast, the overall species richness has remained relatively constant over the same period (Fig. 2b) . The number of low-temperature dwelling species decreased by 52.5% during our study period (F 1,22 = 10.03, P = 0.004), however this loss was compensated for by a 39.6% increase in medium-to high-temperature dwelling species (F 1,22 = 5.67, P = 0.026; Fig. 2d ).
Discussion
We examined shifts in central European low mountain stream invertebrate communities in relation to latitude, longitude and elevation, using a modified CTI approach incorporating the three spatial dimensions simultaneously. In contrast to most other studies, we found that Central European benthic invertebrate communities are largely tracking temperature shifts.
Our results clearly show that the uphill movement of benthic invertebrates is by far the most important spatial dimension in terms of the response of these communities to climate warming. Given there was no difference between the observed and required shifting velocities in this dimension, our results indicate that benthic invertebrates have so far kept up with climate warming, as the flow direct of rivers can be in any cardinal direction. This specific spatial configuration of riverine ecosystems (dendritic networks) is likely a key reason why riverine benthic invertebrates have been able to keep up with ongoing climatic warming thus far. The "highway" effect of river networks explains why elevation is more than ten times more important than longitude and latitude in explaining the variation in the CTI.
Uphill movement is also a common response of various other organism groups to warming climates (e.g. ), but of course there are exceptions to this (Harsch & Hille Ris Lambers, 2014 (Arnell & Gosling, 2013) , which is a key structuring agent of benthic invertebrate communities (Wagner et al., 2011) . The shifting directions of precipitation and temperature isoclines associated with ongoing climate change are not necessarily identical. Instead, diverging shifts may cause spatial (and also temporal) mismatches of suitable living conditions for species (Bellard et al., 2012; Walther et al., 2002) . Hence, our study contributes to the growing awareness that focusing on onedimensional shifts of individual aspects of climate change is insufficient to explain recent changes in species ranges (VanDerWal et al., 2013) .
One of the clear strengths of the CTI approach is its ability to track subtle changes in species distribution shifts, compared to examining species range boundaries (Devictor et al. 2008 (Devictor et al. , 2012 communities track warming temperatures in elevation, latitude and longitude emphasize that all three spatial dimensions must be considered simultaneously to understand the changes in these communities. This is supported by a direct comparison of our three-dimensional model with the previous one-dimensional CTI approach, demonstrating that the simultaneous consideration of all three spatial dimensions is necessary to track community shifts especially among landscapes in which elevation co-varies with one of the other spatial components. In our study area, for example, higher elevations predominantly occur in the south; therefore, species moving northwards simultaneously experience a negative latitudinal temperature gradient and counteracting positive temperature gradient by moving downhill. Thus, they have to move even farther north to track isotherm shifts. Our three-dimensional model accounts for this covariation and considers the net velocities for each of the three dimensions.
In addition to the strong differences resulting from the compensational effects of threedimensional movements, velocities of ca. 11.8 m y -1 in elevation, as calculated by the SLR model appear extremely high, higher, in fact, than those of most other taxa examined (Fig. 3) .
The 6.7 m per year calculated with our MLR model (Fig. 3 ) fits much better within the existing average range of 4.5 to 6.8 m per year in other fauna . This may be an indication that the CTI values based on single models tend to overestimate shifting velocities.
The current ability of benthic invertebrate communities to track their temperature niche uphill cannot be projected into the future indefinitely as all rivers have a natural endpoint at their source. Therefore, future climate warming will inevitably lead to the so-called summit trap effect (Colwell et al., 2008; Thuiller et al., 2005) , which leads to abrupt and dramatic losses in freshwater biodiversity. Of course, this will depend strongly on the dispersal mode and ability of freshwater organisms, with strong terrestrial dispersers likely to be less affected than those without an aerial dispersal stage. In contrast, the dispersal of most terrestrial species is less restricted by the spatial configuration of their ecosystems, so they have the potential to move in all directions to track suitable habitats . However, the sensitivity of species towards climate warming is inversely related to the slope of the temperature gradient within their range, with species living in areas with low temperature gradients (e.g., lowlands) having to move longer distances to track warming temperatures than species living in areas with wide temperature gradients at small spatial scales (e.g., mountains) (Bertrand et al., 2011) . Thus, the chance of surviving future climate warming not only depends on the species' adaptation potential and dispersal capacity but also on the topographical configuration of their ranges.
Although the CTI of benthic invertebrate communities currently appears in equilibrium with climate warming, we detected significant losses of cold-dwelling species and in the overall abundance (but not richness) of benthic invertebrates. From a conservation perspective, these observed changes in biodiversity are of the utmost importance.
Nevertheless, while there were losses in overall abundance but not in richness, the CTI based on presence/absence data did not produce a different result. Many of the low-temperature dwelling species in Europe are endemic freshwater insects Moss et al., 2009) , and their losses can lead to an extinction of the entire species. On a local scale, such losses of low-temperature dwelling species could be compensated for by the immigration of high-temperature dwelling species, which would produce no change in α-diversity. However, as such high-temperature dwelling species are typically species that are already widespread, this replacement of local endemics will reduce biodiversity at larger spatial scales through a reduction β-diversity (i.e. species turnover), leading to homogenization of communities (Olden, 2006; Poff et al., 2007; Vitousek et al., 1997) . At the continental scale, extinctions of low-temperature dwelling species can only be compensated for by speciation, which usually only occurs at much larger time scales, leading eventually to an overall loss in biodiversity (De Frenne et al., 2013; Gottfried et al., 2012) . Furthermore, the ongoing losses in benthic invertebrate abundances may be an early indicator that benthic invertebrates have already reached their upper elevational limit, which will subsequently lead to a significant decrease in biodiversity and a climatic debt.
By investigating a comprehensive, long-term dataset of Central European stream benthic invertebrates we demonstrated that species´ response to recent climate warming differs grossly in the three spatial dimensions, emphasizing the complex reaction patterns towards increasing temperatures. According to our advanced CTI approach, stream benthic invertebrates are among the very few organism groups that are so far able to keep up with climate warming. This reflects the dendritic network structure of riverine ecosystems promoting efficient uphill movement along the river network. Yet, to fully grasp the ecological implication of changes in CTI, changes in biodiversity patterns over time need to also be considered. By examining low-and high-temperature dwelling species independent of CTI, we demonstrate clear differences in the response of different organisms to climate warming, otherwise overlooked by the CTI approach. Our approach has, therefore, led to a more complete picture of a community"s true shift in response to climate warming and can also be applied in marine or terrestrial ecosystems. Independent variables used in the models were elevation, latitude, longitude, year, catchment area and sampling method. The results of significance tests are in Supplementary Table S1 . Table S1 . Regression coefficients between the environmental variables and temperature and the CTI metrics based on the multiple linear regression models. Figure S1 . Geographic locations of the sampling sites in the low mountain rivers in Central
Europe. 
